Schistosoma mansoni may be mediated by either schistosomal glycoproteins or glycosphingolipids. In this study, we have elucidated the structural features of both carbohydrate moieties and respective ceramide units of complex glycosphingolipids from adult S. mansoni. Obtained data revealed a vast structural heterogeneity due to manifold combinations of different oligosaccharides and ceramide entities. Observed carbohydrate moieties included Lewis X (Le X ; Gal(β1-4)[Fuc(α1-3)]GlcNAc) as well as, in part, multiply fucosylated LacdiNAc (LDN; GalNAc(β1-4) GlcNAc) carbohydrate epitopes. Corresponding lipid portions comprised predominantly C18-sphingosine as well as C18-and C20-phytosphingosine derivatives. Intriguingly, glycosphingolipids carrying an Le X epitope contained predominantly C18-sphingosine, whereas LDN-based species exhibited mostly phytosphingosine derivatives, in addition to C18-sphingosine, indicating that the two classes of glycosphingolipids might be synthesized via different biosynthetic routes. Compared with literature data, adult worm glycosphingolipids with Le X epitopes revealed clear structural differences in comparison to corresponding cercarial species which have been shown to exhibit mainly sphinganine bases with 18-21 carbon atoms. Therefore, it may be hypothesized that the divergent structural features of the respective ceramide moieties are responsible for the published observation that only adult worm, but not cercarial glycosphingolipids are able to induce dendritic cell activation skewing the T-cell response toward a Th1 profile.
Introduction
Similar to malaria, schistosomiasis is a prevalent parasitic disease affecting more than 200 million people worldwide, predominantly in developing countries (Pearce and MacDonald 2002) . One of the most intensively investigated pathogens causing this disease is Schistosoma mansoni which afflicts both humans and animals (Quack et al. 2006) . Infection with the helminthic parasite occurs in a transdermal way by getting into contact with the infective larval stage, the cercariae, that are penetrating the skin. After several developmental stages, adult male and female worms get permanently paired, residing in the intestinal veins of their host. Schistosomal eggs produced are either excreted with feces or are conveyed with the bloodstream to several tissues. In water, delivered eggs release the first larval stage, the miracidia, which infect the intermediate snail host Biomphalaria glabrata. In this intermediate host, the infective larval stage develops, and life cycle is completed by their transdermal release. In endemic areas, clinical manifestation of schistosomiasis is mainly due to the formation of granuloma around eggs trapped in the tissue which is accompanied by fibrosis and reduced functionality of affected organs. Remarkably, even though adult worms are directly faced to the host's immune system, they are able to survive in the bloodstream for many years being resistant to the host's immune response, thus raising strong interest in the immunobiology of this parasite. In this context, schistosomal glycoconjugates have been shown to contribute to immunopathology as well as immune modulation processes that are initiated by the different lifecycle stages. In particular, the immunomodulatory potency of egg-derived glycoproteins has been well studied including in vivo and in vitro experiments in both humans and animal models (Meevissen et al. 2011) . Although a Th1 immune response dominates during the acute phase of infection, this response switches to a Th2-dominated one at the beginning of egg-laying as a result of the host's reaction toward egg deposition and egg products (Pearce 2005) . It has been reported that glycoconjugates carrying lacto-N-fucopentaose III, including the trisaccharide ]GlcNAc (CD15, Lewis X , Le X ; Table I ), which is present in S. mansoni egg antigens, induce the priming of Th2 responses in mice (Okano et al. 2001; Thomas and Harn 2004) . In addition, the egg-derived glycoprotein omega-1 has been shown to enable the induction of a Th2 response both in vitro and in vivo (Everts et al. 2009; Steinfelder et al. 2009) . In this respect, it is interesting to note that structural characterization of omega-1 revealed the preponderant presence of the Le X epitope, which may contribute to the Th2-skewing property of omega-1 (Meevissen et al. 2010) .
Interaction of carbohydrate epitopes with C-type lectin receptors (CLRs) on antigen-presenting cells plays a key role in shaping the host's immune response . Recent studies showed that CLRs can induce signaling in dendritic cells, thereby either enhancing or suppressing Toll-like receptor (TLR)-induced proinflammatory responses dependent on the glycan structure and its specific CLR interaction Gringhuis et al. 2009) . Several glycans, including Le X , of schistosomal egg glycoproteins have been found to act as ligands for multiple CLRs on dendritic cells (van Die et al. 2003; van Liempt et al. 2007 ).
In addition to glycoproteins, glycosphingolipids (GSLs) interact with CLRs of host immune cells. Egg GSLs exhibiting F-LDN-F ]GlcNAc) motifs, for example, have been demonstrated to interact with L-SIGN (liver/lymph node-specific intercellular adhesion molecule-3 (ICAM-3)-grabbing nonintegrin) that is expressed on human liver sinusoidal endothelial cells, suggesting that egg GSLs contribute to immunobiology and/or liver pathology in schistosomiasis (Meyer et al. 2007) . Similarly, DC-SIGN (dendritic cell-specific ICAM-3-grabbing nonintegrin) which is expressed on dendritic cells binds cercarial GSLs by recognizing Le X and pseudo-Lewis Y ( pseudo-Le Y ; Fuc(α1-3) ]GlcNAc) epitopes (Meyer et al. 2005) . Likewise, adult worm GSLs are recognized by DC-SIGN due to the presence of fucosylated carbohydrate epitopes which are strongly suggested to represent Le X and LDN-F (GalNAc(β1-4) ]GlcNAc) moieties (van Stijn et al. 2010) . We recently showed that adult worm GSLs have the capacity to induce maturation of immature dendritic cells including an increased production of cytokines responsible for the development of a Th1 profile, when GSL-primed dendritic cells were co-incubated with naïve T-cells. Although underlying mechanisms are still unclear, development of the inflammatory phenotype has been shown to require cooperation of DC-SIGN and TLR 4 (van Stijn et al. 2010 ). In contrast, cercarial GSLs which are dominated by Le X and pseudo-Le Y structures (Wuhrer et al. 2000b ) and were strongly bound by dendritic cells via DC-SIGN, do not induce such immunomodulatory processes (van Stijn et al. 2010) . Therefore, it might be speculated that differences in the ceramide moieties of cercarial and adult worm Le X exhibiting GSLs may prevent or allow the interaction of the DC-SIGN-bound GSLs with TLR 4. In contrast to cercarial GSLs (Wuhrer et al. 2000a,b; Frank et al. 2011) , however, our knowledge in terms of structural features of adult worm GSLs is still limited. So far, published data are mainly based on the immunoreactivity of these compounds with monoclonal antibodies (mAbs) recognizing distinct carbohydrate epitopes, such as LacdiNAc (LDN; GalNAc(β1-4)GlcNAc), LDN-F, Fuc(α1-3)]GlcNAc) as well as F-LDN GalNAc(β1-4)GlcNAc), F-LDN-F and Le X epitopes (Wuhrer et al. 1999; Robijn et al. 2005; van Stijn et al. 2010) . Concerning ceramide compositions, dominant ceramide monohexoside (CMH) species have been found to comprise C18-and C20-phytosphingosines as well as C18-sphingosine and C18-sphinganine in combination with nonhydroxylated as well as hydroxylated palmitic acid (Wuhrer et al. 2000a) . Ceramide structures of more complex GSLs have not been investigated yet. Therefore, the aim of this study was the structural characterization of complex GSLs of adult S. mansoni with regard to both carbohydrate moieties as well as ceramide compositions with special emphasis on putative differences between cercarial and adult worm Le X exhibiting GSLs that might explain the observed biological properties of adult worm GSLs.
Results
Mass spectrometric analysis of intact S. mansoni GSLs Isolated and purified adult worm GSLs were fractionated batch-wise on a silica cartridge and subjected to monosaccharide constituent analyses which revealed the presence of fucose (Fuc) , galactose (Gal) , glucose (Glc) , N-acetylglucosamine (GlcNAc) and N-acetylgalactosamine (GalNAc) in agreement 
Terminally fucosylated LDN (F-LDN)
Pictograms are assigned using GlykoWorkbench (Ceroni et al. 2008) . Dark square, GlcNAc; gray square, GalNAc; gray circle, Gal; triangle, Fuc.
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with literature data reported on S. mansoni GSLs (Wuhrer and Geyer 2006; Dennis et al. 2007) . Obtained fractions (F1-F8), containing 1.6-13.7 µg of carbohydrates, were analyzed by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) (Figure 1 ) as well as tandem mass spectrometry (MALDI-TOF-MS/MS; data not shown).
The results revealed that fractions 1 (F1) and 2 (F2) contained predominantly CMH species ( Figure 1A and B) in which a single Glc or Gal residue (Wuhrer et al. 2000a ) is attached to different ceramide moieties resulting in a highly heterogeneous pattern of [M + Na] + pseudomolecular ions at m/z 720. 6, 722.6, 738.6, 740.6, 750.7, 754.7, 756.6, 768.7, 770.7, 784.7 and 800.7 due to the presence of different sphingoid bases and fatty acids. The overall CMH pattern was in close agreement with our previous studies on ceramide structures of CMH species expressed during different schistosomal life- cycle stages (Wuhrer et al. 2000a) . The signal at m/z 925.7 ( Figure 1B ) corresponded to ceramide dihexoside (CDH) species (Wuhrer et al. 2000a ). GSLs present in fractions F3 and F4 represented mainly CDH species (data not shown), whereas more complex GSLs were obtained in fractions F5-F8 ( Figure 1C-F) . Based on the detected CMH species, performed MALDI-TOF-MS/MS experiments and the data obtained by application of the Glyco-Peakfinder software tool (Maass et al. 2007) , resulting spectra could be grouped into different ceramide clusters with distinct oligosaccharide moieties. GSLs present in F5 ( Figure 1C ) included mainly ceramide tetrahexoside species with two hexose (Hex) and two N-acetylhexosamine (HexNAc) residues (H 2 N 2 , m/z 1290.8-1336.8) as well as corresponding monofucosylated variants (F 1 H 2 N 2 , m/z 1436.9-1470.8). In addition, GSL clusters with oligosaccharide moieties containing one Hex and three to four HexNAc units were detected which were mono-or multiply fucosylated (F 1 Figure 1F ) which exhibited oligosaccharide chains ranging from F 4 H 1 N 3 (m/z 1950.4) to F 5 H 1 N 7 (m/z 2892.9-2937.0) with most intense signals comprising monosaccharide compositions of F 4 H 1 N 6 (m/z 2543.7-2587.8) and F 4 H 1 N 7 (m/z 2746.9-2790.9). Nonfucosylated, complex GSLs with one Hex unit have not been detected in these spectra.
Enzyme-linked immunosorbent assay of fractionated GSLs
To obtain first information on detailed structural features of the GSLs present in the different fractions, enzyme-linked immunosorbent assay (ELISA) experiments were performed using mAbs recognizing distinct carbohydrate epitopes. Moreover, a DC-SIGN-Fc construct was used to determine the DC-SIGN binding properties of the GSLs (Figure 2 ). Obtained data revealed that GSLs present in F5 and F6 showed binding to anti-Le X mAbs, predicting the presence of pronounced levels of the Le X epitope, whereas F7 or remaining GSL fractions exhibited much less or almost no binding of Le X -recognizing mAbs, respectively. Likewise, binding of anti-LDN-F mAbs was observed in F5-F7 GSLs, suggesting a high abundance of LDN-F units. In agreement with the fact that DC-SIGN binds to the aforementioned carbohydrate epitopes of schistosomal glycoconjugates (van Die et al. 2003; Meyer et al. 2005) , the highest DC-SIGN binding levels were detected in the case of F5, F6 and, to a lower extent, F7 species ( Figure 2A ). Highest binding of anti-LDN mAbs was detected in the case of F5 GSL species, and the binding decreased with the increase in complexity and degree in fucosylation of the respective carbohydrate moieties as expected. A similar trend was observed in terms of the LDN-DF epitope revealing highest binding activities for F6 species. Expression of F-LDN and/or F-LDN-F units increased from F4 to F5 and stayed more or less constant in the later fractions as deduced from their binding profiles to the respective mAbs ( Figure 2B ). ]GlcNAc) and ]GlcNAc) moieties in relation to DC-SIGN binding properties. (B) Expression of LDN (GalNAc(β1-4)GlcNAc), Fuc(α1-3)] GlcNAc) and F-LDN ]GlcNAc) epitopes. Relative optical densities of individual fractions are based on the sum of optical densities obtained for all fractions. F1-F8, GSL fractions 1-8. Experiments were performed in duplicate and background values were subtracted.
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MALDI-TOF-MS of native oligosaccharides
For detailed structural characterization, carbohydrate moieties of complex GSLs present in F5-F7 were enzymatically released by treatment with endoglycoceramidase II and analyzed by MALDI-TOF-MS (Figure 3 ), whereas oligosaccharide moieties of F8 GSLs were not further characterized due to the limited amount of sample. Respective monosaccharide compositions were calculated using Glyco-Peakfinder software tool (Maass et al. 2007 ) and assigned to the registered sodium adducts ([M + Na] + ). MALDI-TOF-MS analysis of oligosaccharides obtained from F5 GSLs revealed the presence of two types of glycans containing either one or two Hex units. Members of the latter class included oligosaccharides with monosaccharide compositions of F 0-1 H 2 N 2-3 (m/z 771.4, 917.5 and 1120.6). The, partly, abundant presence of F 1 H 2 N 2 and F 1 H 2 N 3 glycans was of particular importance as these species could be demonstrated to exhibit an Le X epitope in agreement with ELISA data (Figure 2A ). In contrast, glycan species with one Hex unit comprised compositions of F [1] [2] [3] [4] Figure 3A ). Nonfucosylated oligosaccharides with only one Hex could be hardly detected (see, for example, H 1 N 3 at m/z 812.4 and H 1 N 4 at m/z 1015.6). The signal at m/z 933.5 reflecting an oligosaccharide with a calculated monosaccharide composition of H 3 N 2 was further characterized by multiple electrospray ionization mass spectrometry (ESI-MS n ) experiments and was shown to comprise a monosaccharide sequence of HexNAc-HexNAc-Hex-Hex-Hex (data not shown). The question as to whether this carbohydrate moiety reflects the presence of host-derived Forssman antigen (GalNAc(α1-3)GalNAc(β1-3)Gal(α1-4)Gal(β1-4)Glc) as it has been found in the case of GSLs from Fasciola hepatica (Wuhrer et al. 2004 ) remains open.
The pattern of oligosaccharides released from F6 GSLs was related to the one of F5 and contained mainly F 2-4 H 1 N 3 and F 1-4 H 1 N 4 glycan species. Sugar chains with two Hex units, i.e. H 2 N 2 and F 1 H 2 N 2 species, were detected only in trace amounts ( Figure 3B ). In contrast, oligosaccharide moieties of F7 GSLs revealed a more complex pattern ( Figure 3C ) representing mainly glycans with four (F 1 H 1 N 4 -F 5 H 1 N 4 , m/z 1161. 5, 1307.6, 1453.6, 1599.7, 1745.8) 6, 1510.6, 1656.7, 1802.8) or six HexNAc units (F 2 H 1 N 6 -F 4 H 1 N 6 , m/z 1713. 8, 1859.8, 2005.9) in addition to small amounts of sugar chains with three HexNAc (F 4 H 1 N 3 , m/z 1396.6). Intriguingly, signals of oligosaccharides being composed of two Hex, four HexNAc and one or three Fuc residues (F 1 H 2 N 4 at m/z 1323.6 and F 3 H 2 N 4 at m/z 1615.7) were also detected with weak intensities which might represent extended versions of the corresponding glycans registered in F5. Due to their low abundance, however, these glycans have not been characterized in detail. In all mass spectra, components F 2 H 1 N 4 (m/z 1307.8) and revealed only one fragment ion (m/z 517.4) of diagnostic value which verified the presence of structure candidate II ( Figure 4A ). Remaining fragments might have been generated from more than one isomer ( Figure 4A , inset) and are, therefore, only exemplarily assigned. A more detailed overview on fragment ions generated by all structural candidates is given in Supplementary data, Table SI in which detected masses of C-type fragment ions are given in parentheses together with respective B-type fragment ions. In conclusion, however, the obtained result revealed that MALDI-TOF-MS/MS of native compounds did not allow a detailed characterization and identification of the present structural isomers.
In contrast, MALDI-TOF-MS/MS analysis of the permethylated precursor ion at m/z 1601.9 provided more structural information ( Figure Figure 4A ). Hence, signals at m/z 433.5/455.6 and m/z 1168.4 strongly supported the presence of isomer I, whereas signals at m/z 402.2 and 445.4 were indicative of the presence of isomer II. It has to be pointed out, however, that MALDI-TOF-MS/MS spectra of permethylated precursor ions provided often a mixture of both sodium as well as proton adducts which increased the complexity of the spectra. Moreover, signals diagnostic for the third structure candidate were not detectable at all, though its presence could be clearly verified by ESI-MS n (data not shown), thus illustrating the limitations of the MALDI-TOF-MS/MS approach. Therefore, further fragmentation by ESI-MS n experiments has been found to be indispensable.
ESI-MS n of derivatized oligosaccharides
In order to gain maximum structural information, oligosaccharides obtained from F5 and F6 GSLs were analyzed by ESI-MS n after permethylation. Obtained glycan signals were registered as sodium adducts ([M + Na] + ) and assigned by GlycoWorkbench (Ceroni et al. 2008) . Major fragment ions are compiled in Table II as well as Supplementary data,  Table SII and structural conclusions are summarized in Table III . In the following, only a few examples are discussed in detail to illustrate the applied analytical approach.
ESI-MS 2 analysis of the reduced and permethylated precursor ion of F 1 H 2 N 2 at m/z 1157.6 yielded the characteristic fragmentation pattern of a schisto-core disaccharide (Makaaru et al. 1992) capped by an Le X epitope ( Figure 5A ). In particular, the B-type fragment ion of the carbohydrate epitope (m/z 660.4) in combination with the Y-type fragment ion of the schisto-core (m/z 520.3) was the most characteristic fragment of this glycan, which is in agreement with ELISA data (Figure 2A ) and previous studies on the same carbohydrate moiety of cercarial and egg GSLs Meyer et al. 2005) . Fucosylation of the schisto-core could be excluded by ESI-MS 3 of the signal at m/z 905.5 revealing only the subterminal HexNAc to be fucosylated (data not shown). Further fragmentation of the carbohydrate epitope at m/z 660.4 by ESI-MS 3 (1157.6 → 660.4) confirmed the presence of the Le X epitope by yielding characteristic signals at m/z 259.1, i.e. the C-type fragment ion of a terminal Hex as well as m/z 472.2 reflecting a BY-type fragment ion of a terminal Hex attached to a formerly disubstituted HexNAc ( Figure 5B ). As a characteristic feature, precursor as well as fragment ions derived thereof were often accompanied by satellite signals differing from the former ones by the mass of ketene (Δm/z 42). In order to study this finding in more detail, ESI-MS 4 experiments (1157.6 → 660.4 → 472.1) have been performed which resulted again in an intense signal at m/z 430.2 (loss of ketene) together with characteristic B-type and C-type fragment ions of terminal Hex at m/z 241.1 and 259.1 as well as cross-ring fragment ions of the subterminal HexNAc residue ( Figure 5C ). This assumption could be further corroborated by ESI-MS 5 (1157.6 → 660.4 → 472.1 → 430.2) which provided again intense signals of B-type and C-type fragment ions of the terminal Hex at m/z 241.1 and 259.1, thus demonstrating that liberation of ketene occurred at the subterminal HexNAc ( Figure 5D ). In this context, it is interesting to note that release of ketene has not been observed in any ESI-MS n experiments of oligosaccharides exhibiting LDN instead of LacNAc )GlcNAc) at their nonreducing end. Similar results were obtained for F 1 H 2 N 3 glycans which were also shown to express an Le + ) and assigned using GlycoWorkbench (Ceroni et al. 2008) . Proton adducts ([M + H] + ) and unidentified signals are marked by triangles ( ) and asterisks (*), respectively. Structure candidates I-III (insets) verified by ESI-MS n experiments are illustrated using GlycoWorkbench (Ceroni et al. 2008) . Mass values of diagnostically relevant signals obtained for isomers I and II are encircled in red and green colour, respectively. Nondiagnostic signals that may be generated from more than one structural candidate are exemplarily assigned. In some cases, fragments may be generated by different fragmentation pathways, only one of which is shown for the sake of clarity. Blue circle, glucose; yellow square, N-acetylgalactosamine; blue square, N-acetylglucosamine; red triangle, fucose.
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context, it was interesting to note that glycans carrying an LDN-F epitope generally provided more intense diagnostically relevant signals than F-LDN species. In particular, the LDN-F-specific BY fragment ion at m/z 442.2, which is formed by double cleavage of the precursor ion, exhibited in all spectra higher signal intensities than the F-LDN-specific B-type fragment ion of terminal, monofucosylated HexNAc at m/z 456.2 which is generated by a single cleavage. Therefore, it might be assumed that LDN-F species represent the prevailing isomer.
ESI-MS n analyses of permethylated F 2 H 1 N 3 species (m/z 1356.7) revealed the simultaneous presence of three different carbohydrate epitopes, i.e. F-LDN-F, LDN-DF and DF-LDN (Fuc(α1-2)Fuc(α1-3)GalNAc(β1-4)GlcNAc) (Figure 7) . The obtained ESI-MS 2 spectrum ( Figure 7A ) yielded an intense B-type fragment ion of terminal, monofucosylated HexNAc (m/z 456.3) signifying an F-LDN-F unit. The fact that the intensity of this signal is more pronounced than that of the B-type fragment ions at m/z 875.5 which included all kinds of epitopes suggested the F-LDN-F isomer to be the most abundant one. This assumption is further supported by a strong signal at m/z 923.5 which is also diagnostic in terms of F-LDN-F. Glycans carrying a DF-LDN epitope seem to represent just a minor isomer due to low fragment ion intensities of terminal, difucosylated HexNAc (m/z 630.4 and 648.4) and complementary nonfucosylated fragments at m/z 731.4 and 749.5 compared with signal intensities of difucosylated, subterminal HexNAc residues (m/z 616.4, 634.4 and 1067.6) verifying the presence of terminal LDN-DF units. This observation is in so far remarkable as formation of the indicated LDN-DF-specific fragments requires, in part, 2-fold cleavage of the precursor molecule, whereas DF-LDN-specific fragments are formed by single cleavage. ESI-MS 3 analysis of the fragment ions at m/z 875.5 (1356.7 → 875.5) further confirmed the aforementioned conclusions, yielding an intense F-LDN-F-specific B-type ion at m/z 456.3 in addition to a S. mansoni adult worm glycolipids corresponding C-type ion at m/z 474.1 together with difucosylated fragment ions at m/z 616.4 and m/z 630.3 verifying the simultaneous presence of LDN-DF and DF-LDN isomers, respectively ( Figure 7B) . Fucosylation of the schisto-core could again be excluded due to the absence of respective fragment ions in ESI-MS 2 experiments of the precursor ion at m/z 1356.7 ( Figure 7A ) as well as ESI-MS 3 experiments of the fragments corresponding to the signal at m/z 1120.7 (data not shown).
Proposed carbohydrate structures of major GSLs from S. mansoni adult worms In this study, 11 different compositional variants of GSL-derived carbohydrate moieties have been characterized in detail. Based on MALDI-TOF-MS/MS analyses of native as well as permethylated glycans and, in particular, on ESI-MS n studies of reduced and/or permethylated species, 20 different, in part, isomeric structures could be proposed (Table III) in agreement with published data on GSLs from S. mansoni cercariae, eggs and adult worms (Makaaru et al. 1992; Khoo et al. 1997; Wuhrer et al. 2000a Wuhrer et al. ,b, 2002 Meyer et al. 2005 Meyer et al. , 2007 . Precise linkage positions of individual monosaccharide constituents, however, have been defined only in a limited number of cases by ESI-MS n experiments (data not shown). Therefore, monosaccharide linkages are not included in the given structures, although it may be assumed that they correspond to the GSL structures published so far. The results revealed that several compositional species occurred as structural isomers differing mainly in the linkage positions of monofucosyl and difucosyl substituents. Altogether, the following carbohydrate epitopes have been shown to be expressed at the nonreducing ends of adult worm GSLs: LacNAc, Le X , F-LDN, LDN-F, F-LDN-F, DF-LDN, LDN-DF, F-LDN-DF, DF-LDN-F and DF-LDN-DF (for detailed assignment of corresponding carbohydrate structures, see Table I ). In the case of carbohydrate moieties exhibiting four HexNAc residues, such as F 2 H 1 N 4 and F 3 H 1 N 4 , however, fucosylation of the third HexNAc could be also detected, whereas the schisto-core was never found to be fucosylated. Due to limited amounts, H 1 N 3 and H 1 N 4 glycans as well as F 1-4 H 1 N 5 and F 2-4 H 1 N 6 species released from F7 GSLs were not analyzed in detail. MALDI-TOF-MS of lyso-GSLs obtained from the CMH species of F1 revealed C18-sphingosine (Hex-d18:1, m/z 462.2), C18-sphinganine (Hex-d18:0, m/z 464.2) and C18-phytosphingosine (Hex-t18:0, m/z 480.3) as most abundant sphingoid bases ( Figure 8A ). Furthermore, C20-sphinganine (Hex-d20:0, m/z 492.4), C19-phytosphingosine (Hex-t19:0, m/z 494.4) and C20-phytosphingosine (Hex-t20:0, m/z 508.3) have been detected as minor constituents. Occurrence of the different sphingoid bases has been further verified either by MALDI-TOF-MS/MS (data not shown) or ESI-MS/MS experiments (see Figure 9) . Intriguingly, lyso-compounds obtained from F5 GSLs comprised almost exclusively C18-sphingosine (d18:1) species ( Figure 8B ). Respective lyso-GSLs have been detected for H 2 N 2 (m/z 1052.6), F 1 H 2 N 2 (m/z 1198.6), Figure 3A) . In contrast to F5 GSLs, lyso-compounds released from F6 GSLs Minor isomers are given in parentheses. Depicted sequences of monosaccharide constituents are based on published carbohydrate structures of glycosphingolipids of S. mansoni eggs, cercariae and adult worms (Makaaru et al. 1992; Khoo et al. 1997; Wuhrer et al. 2000a; Wuhrer et al. 2000b; Wuhrer et al. 2002; Meyer et al. 2005; Meyer et al. 2007 ). Pictograms are assigned using GlycoWorkbench (Ceroni et al. 2008) . Dark square, GlcNAc; gray square, GalNAc; dark circle, Glc; gray circle, Gal; triangle, Fuc. H, hexose; N, N-acetylhexosamine; F, deoxyhexose (fucose).
Mass spectrometric analysis of lyso-glycosphingolipids
S Frank et al.
exhibited mainly C18-sphingosine (d18:1) and C18-phytosphingosine (t18:0) in addition to minor amounts of C20-sphinganine (d20:0) and C19-phytosphingosine (t19:0) ( Figure 8C ). In agreement with the results obtained by ELISA (Figure 2 ) as well as MALDI-TOF-MS of intact F6 GSLs ( Figure 1D ) and glycans released thereof ( Figure 3B ), monitored lyso-GSLs demonstrated again the presence of species carrying an Le X epitope (F 1 H 2 N 2 and F 1 H 2 N 3 ). Lyso-compounds obtained from F7 GSLs led to the most complex pattern providing evidence for the presence of C18-sphingosine (d18:1), C20-sphinganine (d20:0), C22-sphinganine (d22:0), C18-phytosphingosine (t18:0), C19-phytosphingosine (t19:0) and C20-phytosphingosine (t20:0) ( Figure 8D ). The results further revealed that present glycan moieties were mostly associated with d18:1, t18:0 or t20:0, whereas other sphingoid bases occurred in lower abundance. It has to be pointed out, however, that in some cases, other combinations of glycan moieties and sphingoid bases 
2). Obtained fragment ions were registered as sodium adducts ([M + Na]
+ ), assigned using GlycoWorkbench (Ceroni et al. 2008 ) and designated according to the nomenclature of Domon and Costello (1988) . Partially shaded hexagonal rings denote cross-ring fragmentation. Unidentified signals are marked by asterisks (*). In some cases, fragments may be generated by different fragmentation pathways, only one of which is shown. Yellow circle, galactose; blue circle, glucose; yellow square, N-acetylgalactosamine; blue square, N-acetylglucosamine; red triangle, fucose; white circle, hexose; white square, N-acetylhexosamine.
S. mansoni adult worm glycolipids could also exist. A detailed overview on calculated compositions of lyso-GSL species detected in F6 and F7 is given in Supplementary data, Table SIII .
In order to confirm the made assignments, selected lyso-GSLs were further analyzed by MALDI-TOF-MS/MS (data not shown) and ESI-MS/MS (Figure 9 ). Obtained fragment ions were registered as proton adducts ([M + H] + ) ( Figure 9A ) or sodium adducts ([M + Na] + ) ( Figure 9B -D) and assigned using GlycoWorkbench (Ceroni et al. 2008) . As shown in Figure 9A , fragmentation of the precursor ion Hex-d18:1 at m/z 462.3 (cf. Figure 8A ) resulted in its partial dehydration (m/z 444.2) and the release of the free d18:1 base (m/z 300.1) which is accompanied by products formed by 1-or 2-fold dehydration (m/z 282.1, 264.1) (Merrill et al. 2005 ). + ), assigned using GlycoWorkbench (Ceroni et al. 2008) and designated according to the nomenclature of Domon and Costello (1988) . Partially shaded hexagonal rings denote cross-ring fragmentation. Unidentified signals are marked by asterisks (*). Signals verifying the presence of ]GlcNAc) or F-LDN (Fuc(α1-3)GalNAc(β1-4)GlcNAc) epitopes are marked in green or red, respectively. Non-diagnostic signals are labeled with fragments of both isomers. In some cases, fragments may be generated by different fragmentation pathways, only one of which is shown. Blue circle, glucose; yellow square, N-acetylgalactosamine; blue square, N-acetylglucosamine; red triangle, fucose. + ), assigned using GlycoWorkbench (Ceroni et al. 2008) and designated according to the nomenclature of Domon and Costello (1988) . Partially shaded hexagonal rings denote cross-ring fragmentation. Unidentified signals are marked by asterisks (*). Signals verifying the presence of F-LDN-F (Fuc(α1-3)GalNAc(β1-4) ]GlcNAc), Fuc(α1-3)]GlcNAc) and DF-LDN (Fuc(α1-2)Fuc(α1-3)GalNAc (β1-4)GlcNAc) epitopes are marked in red, blue or green, respectively. Nondiagnostic signals are labeled with fragments of each isomer. In some cases, fragments may be generated by different fragmentation pathways, only one of which is shown. Blue circle, glucose; yellow square, N-acetylgalactosamine; blue square, N-acetylglucosamine; red triangle, fucose.
S. mansoni adult worm glycolipids
Each F1-derived lyso-GSL species could be similarly verified by detection of fragment ions correlating with the m/z values of the respective sphingoid bases. Moreover, in some cases, weak signals being formed by assumed 0.2 X 0 cross-ring fragmentation of the hexosyl residue and signals generated by fragmentation of the sphingoid base itself have been detected (data not shown). By the same line of evidence, ESI-MS/MS of lyso-GSLs comprising d18:1 together with a H 2 N 2 carbohydrate motif (m/z 1052.6 in Figure 8B Table SIII . H, hexose; N, N-acetylhexosamine; F, deoxyhexose (fucose); d18:1, C18-sphingosine; d18:0-d22:0, C18-sphinganine-C22-spinganine; t18:0-t20:0, C18-phytosphingosine-C20-phytosphingosine.
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presence of an Le X -pentasaccharide. Likewise, ESI-MS/MS analysis of the lyso-GSLs comprising F 2 H 1 N 4 together with t18:0 (m/z 1606.7 in Figure 8D ) verified the occurrence of C18-phytosphingosine by detection of Y-type fragment ions including the respective sphingoid base at m/z 908.5, 1257.6, 1403.4 and 1460.6 ( Figure 9D ). For the sake of clarity, signals generated by fragmentation of the carbohydrate moiety (m/z 575. 0, 593.2, 632.4, 721.0, 778.2, 796.2, 835.1, 924.2, 942.2, 981.2 and 1127.2) are assigned with fragments generated by the isomer comprising F-LDN-F.
Compositions assigned to lyso-GSLs at m/z 1214.6 (H 3 N 2 -d18:1) ( Figure 8B ) as well as m/z 1588.7 (F 2 H 1 N 4 -d18:1), 1618.7 (F 2 H 1 N 4 -d20:0), 1620.7 (F 2 H 1 N 4 -t19:0), 1634.7 (F 2 H 1 N 4 -t20:0) and 1646.7 (F 2 H 1 N 4 -d22:0) ( Figure 8D ) could be analogously verified by ESI-MS/MS analysis though signal intensity was close to detection limit in some cases (data not shown). In each case, resulting spectra confirmed the proposed monosaccharide composition by detection of characteristic fragment ions and the assigned sphingoid base by detection of signals resulting from the loss of Fuc and/or HexNAc residues from respective precursor ions. Free sphingoid bases themselves have not been detected.
Discussion
In this study, we have performed a detailed structural characterization of GSLs from adult S. mansoni with regard to both carbohydrate moieties and ceramide compositions. Obtained data revealed carbohydrate moieties of adult worm GSLs to be in overall agreement with published data on corresponding structures of other schistosomal life-cycle stages (Makaaru et al. 1992; Khoo et al. 1997; Wuhrer et al. 2000a Wuhrer et al. ,b, 2002 Meyer et al. 2007 ). All GSLs exhibited the schisto-core at + ) and assigned using GlycoWorkbench (Ceroni et al. 2008) . Unidentified signals are marked by asterisks (*). In some cases, fragments may be generated by different fragmentation pathways, only one of which is illustrated. Yellow circle, galactose; blue circle, glucose; yellow square, N-acetylgalactosamine; blue square, N-acetylglucosamine; red triangle, fucose; white circle, hexose.
S. mansoni adult worm glycolipids their reducing end which was elongated by a HexNAc backbone and further decorated by fucosyl-and oligofucosyl side chains, thus building up the following carbohydrate epitopes: LacNAc, Le X , LDN, F-LDN, LDN-F, F-LDN-F, F-LDN-DF, DF-LDN-F, DF-LDN, LDN-DF and DF-LDN-DF (cf .  Table III ). This finding is in agreement with published monosaccharide linkage data on adult worm GSLs revealing the presence of terminal and 2-substituted Fuc residues, 4-substituted Glc, 3-substituted as well as 3,4-disubstituted GlcNAc, 3-substituted GalNAc and terminal Gal. Furthermore, chemical characterization demonstrated β-anomeric and α-anomeric configurations for GlcNAc, GalNAc as well as Gal and Fuc, respectively (Wuhrer et al. 1999) . Intriguingly, the pseudo-Le Y , i.e. Fuc(α1-3)Gal(β1-4) ]GlcNAc epitope, which has been found on cercarial GSLs (Wuhrer et al. 2000b ), appeared to be the only carbohydrate epitope of schistosomal GSLs which is strictly stage-specifically formed, whereas Le X -harboring GSLs are expressed, although in different quantities, in all life-cycle stages . The 3-substituted Gal residue, which has been detected in adult worm GSLs (Wuhrer et al. 1999) , might originate from a minor isomer comprising the terminal structure Fuc(α1-3)HexNAc(β1-3) Hex (cf. Figure 5) .
Based on signal intensities observed in ESI-MS n experiments, distinct biosynthetic routes of fucosylated LDN motifs can be postulated, as LDN-F was found to be the major epitope of F 1 H 1 N 3 , whereas F-LDN represented only a minor one. Consequently, further fucosylation of this carbohydrate unit, resulting in F 2 H 1 N 3 , yielded as a major epitope F-LDN-F which can be synthesized from both precursors, in addition to, LDN-DF, whereas DF-LDN represented only a minor compound (Table III) . As expected, additional fucosylation of F 2 H 1 N 3 , yielding F 3 H 1 N 3 and F 4 H 1 N 3 species, led preponderantly to F-LDN-DF and DF-LDN-DF units, respectively. In principle, the same holds true also for F 1-4 H 1 N 4 glycan species. Similar to egg GSLs which have been shown to be fucosylated also at the last but two HexNAc residues (Khoo et al. 1997; Meyer et al. 2007 ), F 2-3 H 1 N 4 glycans provided evidence for the presence of a further isomer carrying Fuc also at the third HexNAc residue. In most cases, however, identified structural glycan isomers suggested a highly ordered process of fucosylation steps during GSL biosynthesis. ESI-MS n signals being indicative for the presence of trifucosyl side chains were detected only with very low intensities. As such, trisaccharide units have also been found in egg GSLs (Khoo et al. 1997; Wuhrer et al. 2002) , and these signals might be due to the presence of eggs in female worms.
Earlier analyses of the ceramide structures of GSLs from eggs, cercariae and adult worms already revealed distinct differences in ceramide compositions of CMH and CDH species, demonstrating that egg-derived CMH comprised predominantly C18-and C20-phytosphingosines, whereas cercarial CMH species were dominated by C18-, C19-and C20-phytosphingosines as well as C18-sphinganine and adult worm ones by C18-and C20-phytosphingosine, C18-sphingosine as well as C18-sphinganine (Wuhrer et al. 2000a) . For all three life-cycle stages, hydroxylated palmitic acid has been found to be the most abundant fatty acid. Data obtained in the present study complement available information on structural features of complex GSLs from different schistosomal life-cycle stages by demonstrating that stage-associated expression of distinct ceramide structures can also be observed in the case of complex GSL species. While egg-derived GSLs, comprising mainly highly fucosylated LDN-based carbohydrate structures at their nonreducing ends, have been shown to be dominated by C20-phytosphingosine in combination with palmitic acid (Levery et al. 1992; Khoo et al. 1997; Wuhrer et al. 2002; Meyer et al. 2007) , cercarial GSLs, exhibiting preponderantly LacNAc, Le X and pseudo-Le Y motifs, were characterized by great compositional heterogeneity and dominated by sphinganine species with 18-21 carbon atoms in conjunction with C20:0 up to C28:0 long-chained fatty acids (Wuhrer et al. 2000a; Frank et al. 2011) . As shown in this study, adult worm GSLs, carrying terminal LacNAc or Le X units ( Figure 1C ; H 2 N 2 and F 1 H 2 N 2 ), contained mainly C18-sphingosine (cf. Figure 8B ) together with hydroxylated and nonhydroxylated palmitic acid as well as nonhydroxylated stearic acid, whereas GSLs exhibiting mono-or multiply fucosylated LDN units H 1 N 3-7 ) exhibited predominantly C18-and C20-phytosphingosines in addition to C18-sphingosine (cf. Figure 8B -D). Based on detected lyso-GSL species, associated fatty acids can be calculated in this case to represent mainly palmitic and hydroxylated palmitic acid in F7 with an increased proportion of multiply unsaturated stearic acid and its hydroxylated variant in F6 and F5 GSLs. In conclusion, fucosylated LacNAc-or LDN-based carbohydrate units are obviously linked to different ceramide moieties. It may be hypothesized that respective ceramide moieties somehow modulate the biosynthesis of the oligosaccharide chain in the Golgi apparatus by mediating accessibility or inaccessibility toward respective glycosyltransferases. This assumption is corroborated by the finding of Hakomori and co-workers who demonstrated that GSLs of human erythrocytes expressing the Le X epitope contained predominantly palmitic acid, whereas those carrying the H-determinant possessed mainly fatty acids with 20 and 24 carbon atoms (Kannagi et al. 1982) .
As Le X is expressed by glycoconjugates of both adult S. mansoni worms and the host, a contribution of this carbohydrate epitope with regard to molecular mimicry implying an active strategy of S. mansoni to use its glycans for modulation of the host's immune response (glycan gimmickry) has been discussed for a long time (Cummings and Nyame 1996; Hokke and Deelder 2001; van Die and Cummings 2010) . The finding that Le X exhibiting worm GSLs express almost exclusively C18-sphingosine which is known to represent a major sphingoid base of mammalian GSLs (Wennekes et al. 2009 and references cited therein) might suggest that GSL-based molecular mimicry is not limited to the present carbohydrate structures, but may also include the respective ceramide moieties. It is tempting to speculate that adult worms might acquire host-derived GSLs from the blood and use them as precursor molecules for remodeling by adding schistosomespecific carbohydrate units. This assumption is in agreement with the observation that human blood-derived GSLs contain predominantly C18-sphingosine (Samuelsson 1969; Karlsson 1970; Schweppe et al. 2010) . Moreover, acquisition of S Frank et al. host-derived molecules by adult worms has already been observed in the case of glycolipid-based blood-group antigens (Clegg et al. 1971; Goldring et al. 1976 ).
Our data demonstrate that ceramide moieties of cercarial and adult worm GSLs exhibiting an Le X motif differ in their sphingoid bases and, in particular, in the length of the attached fatty acids (cf. Figure 10) . The observed structural differences within the ceramide moiety might explain the divergent biological activities of adult worm GSLs in comparison to cercarial ones. Both cercarial and adult worm GSLs strongly bind dendritic cells via DC-SIGN, but only adult worm GSLs are able to activate dendritic cells, which requires DC-SIGN binding, and is most likely mediated via collaboration with TLR 4 (van Stijn et al. 2010) . It may be possible that observed differences in the abundance of specific glycan moieties, comprising preponderantly Le X and pseudo-Le Y epitopes in the case of cercarial GSLs and Le X plus variably fucosylated LDN units in the case of adult worm GSLs, may lead to a differential binding to multiple CLRs, thereby inducing different biological effects. As cercarial Le X and pseudo-Le Y exhibiting GSLs comprise identical ceramide patterns (unpublished observation), we prefer, however, to speculate that both cercarial and adult worm GSLs expressing Le X are captured by DC-SIGN, but that interaction of these GSLs with TLR 4 might be only enabled by short-chained ceramide moieties of adult worm GSLs and not by long-chained ceramide entities as present in the respective cercarial GSLs (cf. Figure 10 ). This hypothesis is in agreement with data demonstrating that the interaction of pathogen-derived lipids, such as schistosome-derived lyso-phosphatidylserine, with the immune system of the host is substantially influenced by structural features of the lipid moiety (van der Kleij et al. 2002; van der Kleij and Yazdanbakhsh 2003 and references cited therein). Likewise, systematic studies on synthetic, rationally designed serine-based glycolipids and lipid A mimetic compounds clearly demonstrated a dependence of acyl chain lengths on TLR 4 activation (Stöver et al. 2004; Huang et al. 2011) .
These findings support the hypothesis that the different biological activities observed in the case of cercarial and adult worm GSLs might be based on structural differences of their respective ceramide moieties. In order to prove this assumption, defined Le X GSLs with varying chain lengths of their fatty acids and sphingoid bases could be used in in vitro experiments. Likewise, underlying molecular events enabling GSLs to induce a Th1 immune response by mediating a crosstalk between TLR 4 and DC-SIGN are still poorly understood. Possibly, simultaneous recognition of the carbohydrate moiety by DC-SIGN and interaction of the ceramide structure with TLR 4 takes place. A similar scenario is found upon recognition of glycolipids that are exposed by antigen-presenting cells via CD1d molecules to natural killer T-cells (NKT cells). In this situation, a ternary complex is formed including CD1d which binds the lipid moiety and NKT cells recognizing the carbohydrate structures of respective glycolipids by their T-cell receptor. Most interestingly, this interaction has also been shown to depend on the structural features of both carbohydrate and lipid moieties (Zajonc and Kronenberg 2009; Wang et al. 2010 ).
Materials and methods
Materials
Dihydroxybenzoic acid (DHB) and methylenediphosphonic acid (MDP) were purchased from Fluka (Buchs, Switzerland). Sodium acetate, magnesium chloride, formic acid, acetonitrile, methanol and n-propanol were purchased from Merck (Darmstadt, Germany). Tris-HCl, ethanol and sodium chloride were obtained from Roth (Karlsruhe, Germany). Trifluoroacetic acid (TFA) was from Promochem (Wesel, Germany). Sodium taurodeoxycholate (TDC), calcium chloride, bovine serum albumin (BSA), 6-aza-2-thiothymine (ATT), Tween ® 20, 3,3′,5,5′-tetramethylbenzidine (TMB) Liquid Substrate System as well as recombinant Pseudomonas SCDase were obtained from Sigma-Aldrich (Taufkirchen, Germany). Recombinant endoglycoceramidase II (rEGCase II) from Rhodococcus spp. was from Takara Bio, Inc. (Otsu, Shiga, Japan). Used mAbs (Bickle and Andrews 1988; van Remoortere et al. 2000; Kantelhardt et al. 2002; Robijn et al. 2005 ) recognized the following carbohydrate epitopes: Le Isolation and purification of GSLs Adult worm GSLs were isolated from lyophilized worms, harvested from infected golden hamsters, by organic solvent extraction, saponified and further purified as detailed elsewhere (Wuhrer et al. 2000b) . Purified GSLs were batch-wise fractionated on a silica cartridge (Waters, Eschborn, Germany) as described (van Stijn et al. 2010) .
Monosaccharide constituent analysis and quantification of GSLs For constituent analysis and quantification of carbohydrates, monosaccharides were released by acid hydrolysis, tagged with anthranilic acid and determined by reversed-phase highperformance liquid chromatography with fluorescence detection as described elsewhere (Anumula 1994; Wuhrer et al. 1999) . Amounts of GSLs were calculated on the basis of the amount of carbohydrates of each fraction and the average mass ratios of carbohydrate moieties to total GSLs.
ELISA using monoclonal antiglycan antibodies
Per well, 30 ng of GSLs of each fraction was dissolved in 50 µL of n-propanol and coated on NUNC Polysorb plates (Roskilde, Denmark) by incubation at 37°C until the organic solvent was evaporated. Plates were blocked with Tris-buffered saline (TBS) (25 mM Tris-HCl, pH 7.5, 100 mM NaCl) containing 2% BSA at 4°C for 16 h and subsequently incubated with monoclonal antiglycan antibodies recognizing LDN, LDN-F, LDN-DF, F-LDN/F-LDN-F or Le X . Binding was detected by incubation with an HRP-conjugated goat-anti-mouse antibody reacting with all mouse IgG subclasses, IgM and IgA for 2 h. All washing steps were performed with diluted TBS (TBS/water, 1:10, v/v) containing 0.05% Tween ® 20. TMB Liquid Substrate System (Sigma-Aldrich) was used for visualization, and optical density was measured at 450 nm using an ELISA reader (BioTek, Bad Friedrichshall, Germany).
ELISA using DC-SIGN-Fc
Per well, 30 ng of GSLs of each fraction was coated on NUNC Polysorb plates after dilution in 50 µL of ethanol by incubation at 37°C for 1 h. Plates were blocked with Trisbuffer (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM CaCl 2 , 2 mM MgCl 2 ) containing 1% BSA at 37°C for 30 min. For detection of carbohydrate epitopes that are bound by DC-SIGN, plates were incubated with DC-SIGN-Fc (8 µg/ mL) (Geijtenbeek et al. 2002) at 37°C for 1 h. Plates were subsequently incubated with HRP-conjugated rabbit-antihuman IgG antibodies specific for gamma-chains for 90 min. All washing steps were performed with TSM containing 0.1% Tween ® 20. TMB Liquid Substrate System (Sigma-Aldrich) was used for visualization, and optical density was measured at 450 nm.
Digestion of GSLs with rEGCase II
For release of oligosaccharides, 1.25 µg of GSLs was dried down under a stream of nitrogen, redissolved in 100 µL of 50 mM acetate buffer, pH 5.0, containing 0.1% TDC and incubated with 20 mU rEGCase II at 37°C for 72 h. After 24 and 48 h of incubation, 20 and 15 mU rEGCase II were added, respectively. After addition of 400 µL of water, released glycans were separated and purified by reversed-phase chromatography as described elsewhere (Wuhrer et al. 2000b ). Subsequently, desalting of native oligosaccharides was performed by application to a porous graphitic carbon cartridge (Thermo Scientific, Dreieich, Germany). The cartridge was washed with water, 25% aqueous acetonitrile containing 0.1% TFA as well as 80% aqueous acetonitrile and equilibrated with water before loading the glycans. Oligosaccharides were recovered by elution with 25% aqueous acetonitrile, 25% aqueous acetonitrile containing 0.1% TFA and 40% aqueous acetonitrile. For MALDI-TOF-MS analyses, dried samples were dissolved in water.
Reduction and permethylation of native oligosaccharides Purified and desalted oligosaccharides were reduced with sodium borohydride and desalted, and native as well as reduced oligosaccharides were permethylated for mass spectrometric analysis as detailed elsewhere (Bleckmann et al. 2009 ). Prior to mass spectrometry, dried samples were resolved in 50% aqueous methanol containing 0.01% formic acid.
Microscale digestion of GSLs with SCDase GSL-bound fatty acids were enzymatically released by treatment with recombinant SCDase applying a microscale version of the procedures published by Kurita et al. (2000) and Li et al. (2010) as described elsewhere (Frank et al. 2011) . To this end, aliquots of GSLs (2.5 nmol) were dried down under a stream of nitrogen and redissolved in 10 µL of 50 mM acetate buffer, pH 6.0, containing 0.8% TDC and 3 mU SCDase. After addition of 100 µL of n-hexane, the mixture was incubated at 37°C for 16 h. The organic phase was removed and further 10 µL of 50 mM acetate buffer was added to the remaining aqueous phase prior to the purification of the formed lyso-GSLs.
Mass spectrometric analysis of GSLs, lyso-GSLs and released carbohydrate moieties MALDI-TOF-MS and MS/MS spectra were recorded with an Ultraflex I instrument (Bruker Daltonics, Bremen, Germany) equipped with a nitrogen laser which emits at λ = 337 nm. All measurements were performed in the positive-ion reflectron mode using an acceleration voltage of 25 kV and a reflector voltage of 26.3 kV. Typically, about 300-600 individual spectra were summarized in each case. MALDI-TOF-MS/MS spectra were acquired in the laser-induced dissociation mode. In this case, the voltage of the ion source was set to 8 kV and fragments formed by decomposition of the selected precursor S Frank et al. ions were accelerated by applying a voltage of 19 kV. For profile spectra of native GSLs, equal volumes of ATT matrix solution (5 mg in 1 mL water containing 25 mmol ammonium hydrogen carbonate) and respective sample (15 ng/µL carbohydrates) were spotted on an Anchorchip 600 target (Bruker Daltonics). Native as well as permethylated oligosaccharides (10 ng/µL carbohydrates) were spotted in a sample/ATT ratio of 1:2. MS analyses of lyso-GSLs were performed using a mixture of DHB (10 mg/mL) and MDP (10 mg/mL) in a 1:1 ratio (v/v) as matrix and equal aliquots of respective samples. In all experiments, spots were dried down under a stream of warm air.
ESI-MS spectra were recorded with an Esquire 3000 ion trap mass spectrometer (Bruker Daltonics) equipped with an off-line nano-ESI source and helium as collision gas . A 3-5 μL aliquot of reduced or nonreduced permethylated oligosaccharides in methanol/water ratio of 1:1 (v/v) containing 0.1% formic acid was loaded into a metalcoated borosilicate capillary (Proxeon, Odense, Denmark) and electrosprayed at a voltage of 600-900 V using nitrogen as drying gas (150°C, 6 L/min). The resulting current was 30-40 nA. The skimmer voltage was set to 55.6 V. The accumulation time was between 5 and 50 ms. Recorded MS data were processed and analyzed using FlexAnalysis and DataAnalysis software (Bruker Daltonics) as well as Glyco-Peakfinder (Maass et al. 2007 ) and GlycoWorkbench (Ceroni et al. 2008) software tools.
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